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(57) Abstract 

A router (20) for switching a data packet between a source (10) and destination (30) in a network including a plurality of input ports 
each including a data handler. The data handler divides a data packet into one or more fixed length cells. The router (20) includes a plurality 
of output ports at least one of which is for routing the data packet to the destination (30) and a memory divided into a plurality of memory 
banks. An input switch receives fixed length cells from the input ports and writes a single output switch routes ceils received from the 
memory to an appropriate output port. 
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HIGH SPEED SWITCHING DEVICE 
Background 

The present invention relates generally to data 
routing systems, and more particularly to a method and 
apparatus for routing packets through a network. 

In packet switch communication systems, a router 
is a switching device which receives packets containing 
data or control information on one port, and based on 
destination information contained within the packet, 
routes the packet out another port to the destination (or 
intermediary destination) . 

Conventional routers perform this switching 
function by evaluating header information contained 
within a first data block in the packet in order to 
determine the proper output port for a particular packet. 

Efficient switching of packets through the router 
is of paramount concern. Referring now to Figure la, a 
conventional router includes a plurality of input ports 2 
each including an input buffer (memory) 4, a switching 
device 6 and a plurality of output ports 8. 

Data packets received at an input port 2 are 
stored at least temporarily, in input buffer 4 while 
destination Information associated with each packet is 
decoded to determine the appropriate switching through 
the switching device 6. Obviously, if the decoding 
process takes too long as compared to the rate at which 
packets are received, a larger memory element will be 
required. In addition, the packet may be forced to 
remain in the input buffer after the destination 
information is decoded if the switching device cannot 
make the connection. Blocking refers to a condition in 
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which a connection cannot be made in the switch due to 
the unavailability of the desired output port (the port 
is busy, e.g., routing another packet from a different 
input port) . The size of each input buffer 4 is 
5 dependent on a number of factors including: the line 
input rate, the speed of the look-up process, and the 
blocking characteristics for the switching device. 

Unfortunately, these types of routers are 
inefficient in a number of respects. Each input port 

10 includes a dedicated input buffer and memory sharing 
between input ports is not provided for in the design. 
Each input buffer must be sized to meet the maximum 
throughput requirements for a given port. However, 
design trades (cost) often necessitate smaller buffers 

15 for each port. With the smaller buffers, the possibility 
arises for packets to be dropped due to blocking 
conditions. While excess memory capacity typically 
existed in the router (due to the varied usage of the 
input ports), no means for taking advantage of the excess 

20 is afforded. 

To prevent the dropping of packets, designers 
developed "non-blocking" routers. Referring now to 
Figure lb, a conventional "non-blocking" router includes 
a plurality of input ports 2 each including an input 

25 buffer (memory) 4, a switching device 6 and a plurality 
of output ports 8 each having an output buffer 9. In 
order to avoid blocking conditions, each output port 8 
was configured to include an output buffer 9. Each 
output port could simultaneously be outputting packets as 

30 well as receiving new packets for output at a later time. 
If the size of the output buffer was sufficiently large, 
then no data packets would be dropped. 
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However, these designs are even more inefficient 
in terms of memory capacity and cost. Again, each output 
port includes a dedicated output buffer and memory 
sharing between output ports is not provided for in the 

5 design. Each output buffer must be sized to meet the 
maximum throughput requirements for a given port (in 
order to maintain its "non-blocking" characteristics) . 
Even more excess memory capacity typically exists in the 
router (due to the varied usage of the input ports and 

0 output ports), yet no means for taking advantage of the 
excess is afforded. Twice the amount and bandwidth of 
memory has to be used than required to support the amount 
of data being moved through these types of devices. 

Summary of the Invention 

5 In general, in one aspect, the invention provides 

a router for switching a data packet between a source and 
destination in a network including a plurality of input 
ports each including a data handler. The data handler 
divides a data packet into one or more fixed length 

0 cells. The router includes a plurality of output ports 
at least one of which is for routing the data packet to 
the destination and a memory divided into a plurality of 
memory banks. A input switch receives fixed length cells 
from the input ports and writes a single cell in a cell 

5 slot time span to each memory bank. An output switch 
routes cells received from the memory to an appropriate 
output port. 

Aspects of the invention include the following 
features. The input switch includes a linking engine for 
0 linking cells in the data packet to allow retrieval of 
the data packet from non-contiguous locations in the 
memory. 
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The router further includes an indirect cell generator 
for generating one or more indirect ceils. The linking 
engine tracks the location in the memory where 
consecutive cells of the data packet are stored and 
5 provides an address in memory of each cell in the data 
packet for storage in indirect cells . 

The input switch time division multiplexes the 
writing of data packets to the memory such that 
consecutive cells from the input port are written to 

10 consecutive banks in the memory. The input switch 
includes a key reading engine for extracting key 
information from a first cell received at the input 
switch associated with the data packet. The router 
further includes a controller coupled to the input switch 

15 for receiving the key information therefrom. The 

controller decodes destination information from the key 
information received from the input switch and outputs a 
notification defining a routing of the data packet from 
the memory to the output port. 

20 The output port includes a result processor for 

receiving the notification from the controller and 
initiates a transfer of the data packet from the memory 
to the output port. The input switch includes a 
reservation table for scheduling transfers from the 

25 memory to the output switch. The output switch routes 
the notification to the output port and thereafter the 
output port issues a request to the input switch to 
transfer the data packet from memory to the output port 
through the output switch . The request from the output 

30 port is stored in the reservation table . The requests to 
transfer cells from memory to the output switch are time 
domain multiplexed so that during one ceil slot time span 
at most a single read request: is issued to each bank in 
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the memory for servicing. The memory outputs at most a 
single cell per bank in one ceil slot time span. 

One advantage of the invention is that packets may 
be switched through the router at line rates without 
5 requiring the storage of the packets in expensive high 
speed memory by providing a switching architecture that 
efficiently manages and routes packets through the 
switch . 

Other advantages and features will be apparent 
10 from the following description and claims. 

Brief Description of the Drawings 
Figure la and lb are block diagrams of 
conventional router devices. 

Figure 2a is a schematic block diagram of a data 
15 routing system according to one embodiment of the present 
invention . 

Figure 2b is a schematic block diagram of a router 
according to one embodiment of the present invention. 

Figure 3 is a schematic block diagram of an input 
20 port according to one embodiment of the present 
invention . 

Figure 4a is a schematic block diagram of a router 
including the timing and ordering of transfers from the 
input port to input switch according to one embodiment of 
25 the present invention. 

Figure 4b is a data structure for a cell 
transferred between an input port and an input switch 
according to one embodiment of the present invention. 

Figure 5a is a schematic block diagram of an input 
30 switch according to one embodiment of the present 
invention . 
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Figure 5b is a schematic block diagram of a router 
including the timing and ordering of transfers from the 
input port to memory according to one embodiment of the 
present invention . 
5 Figure 6 is a data structure for a route request 

stored in a key buffer according to one embodiment of the 
present invention . 

Figure 7 is a data structure for an indirect cell 
according to one embodiment of the present invention. 
10 Figure 8 is a data structure for a cell 

transferred between the input switch and a memory bank 
according to one embodiment of the present invention. 

Figure 9 is a schematic block diagram of a 
reservation table according to one embodiment of the 
15 present invention. 

Figure 10 is a flow diagram of a process of 
loading a reservation table according to one embodiment 
of the present invention. 

Figure 11a is a schematic block diagram of a 
20 memory according to one embodiment of the present 
invention . 

Figure lib is a schematic block diagram of a 
router including the timing and ordering of transfers 
from the input port to memory according to one embodiment 
25 of the present invention. 

Figure 12 is data structure for a cell output from 
a memory bank to output switch according to one 
embodiment of the present invention . 

Figure 1 3 is a schematic block diagram of a 
3 0 controller according to one embodiment of the present 
invention . 

Figure 14 is a data structure for an output 
request: transferred from the controller to the output 
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switch according to one embodiment of the present 
invention . 

Figure 15 is a schematic block diagram of an 
output switch according to one embodiment of the present 
5 invention . 

Figure 16 is a data structure for a cell 
transferred from the output switch to an output port 
according to one embodiment of the present invention. 

Figure 17 is a schematic block diagram for an 
10 output port according to one embodiment of the present 
invention . 

Figure 18 is a flow diagram for a process of 
routing a packet through a router according to one 
embodiment of the present invention. 

15 Figure 19 is a schematic block diagram of a router 

according to one embodiment of the present invention 
including sequence flow information for following the 
flow of operations performed by the router in routing a 
packet from an input port to its appropriate output port. 

20 Figure 20 is a schematic block diagram of a multi- 

function port according to one embodiment of the present 
invention . 

Figure 21 is a schematic block diagram of a router- 
including multi-function port according to one embodiment 
25 of the present invention. 

Detailed Description 
Referring to Figure 2a, in a packet switching 
system, a source 10 is connected to one or more routers 
20 for transmitting packets to one or more destinations 
30 30. Each router includes a plurality of ports that are 
connected to various sources and destinations. A packet 
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from source 10 may pass through more than one router 20 
prior to arriving at its destination. 

Referring to Figure 2b, each router 20 includes an 
input switch 100, an output switch 102, a memory 104 
5 including one or more memory banks 105, a controller 106 
and a plurality of input and output ports 107 and 108 , 
respectively. Associated with the controller 106 is 
controller memory 109 for storing a routing table . Input 
switch 100 is connected to each input port 107 , while 

10 output switch 102 is connected to each output port 108 in 
router 20. In one embodiment, router 20 includes eight 
input and output ports 107 and 108, respectively. 

In operation, packets are received at an input 
port 107, transferred to Input switch 100 and stored 

15 temporarily in memory 104. When the packet is received 
by switch 100, a key is read from the first data block in 
the packet and transferred to controller 106. The key 
contains destination information which is derived from 
the header field associated with the first block of data 

20 in a packet and other information (source ID, flow ID, 
etc . } . 

A route look-up engine 110 in controller 106 
performs a trie based search based on the key information 
and returns a result which includes the output port 

2 5 associated with the destination . The result is coupled 
with other information ( source ID, flow ID, packet 
length, etc . ) for routing the packet through router 2 0 
and provided as a notification from controller 106 to 
output switch 102 . Output switch 102 transfers the 

30 notification to the identified output port 10 8. Upon 
receiving the notification information, the output port 
108 initiates the transfer of the packet from memory 104 
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through output switch 102 back to the appropriate output 
port 108. 

Referring to Figure 3, each input port 107 
includes a line input interface 300 , a data handler 304 
5 and a cell output port 306. Packets are received at line 
input interface 300. As the packets are received, data 
handler 302 divides the packets received into fixed 
lengths cells. In one embodiment of the present 
invention, the length of each cell is 80 bytes, with 16 
10 bytes of internal header (control information) and 64 
bytes of cell data. As the data handler divides the 
incoming packet into fixed length cells, it synchronously 
outputs the cells to input switch 100 through cell output 
port 306. 

15 Referring now to Figure 4a, a single cell 450 is 

transferred from an input port 107 to input switch 100 at 
each cell slot W T". For a given cell slot "T", input 
port 107 receives a total of XX N" cells, where "N" is 
equal to the number of input ports. 

20 The data format for each cell 400 transferred from 

an input port 107 to input switch 100 includes an 
internal header 402 and a cell data field 404 as is shown 
in Figure 4b. The internal header 402 includes a type 
field 406, stream field 408, and packet header fields 

25 410. 

The type field 406 indicates the type of cell to 
be transferred from the input port. At each cell slot 
(20 clock cycles in one embodiment) , an input port may 
transfer either a data cell, an indirect cell 
30 placeholder, or a delayed indirect cell placeholder. 
Data cells contain data associated with an incoming 
packet. An indirect cell placeholder is an empty cell, 
and is used in conjunction with indirect addressing for 
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the storage of the cells in the memory 104. Delayed 
indirect cell placeholders arise when a data stream that 
requires indirect addressing terminates at a time prior 
to the designated time for writing the last indirect 
5 addressing cell associated with the data stream to memory 
104. The generation and operation of indirect 
placeholders and delayed indirect placeholders will be 
discussed in greater detail below in con j unction with 
Figure 7 . 

10 Stream field 408 indicates the stream to which the 

cell data belongs. In one embodiment of the present 
invention, each input port is capable of handling up to 
sixteen separate streams of data at a time. 

Packet header field 410 contains header 

15 information associated with a given packet and includes 
start offset information, packet length and interface 
index information . 

Referring to Figure 5a, input switch 100 includes 
a round robin data handler 500, one or more input port 

20 interfaces (501-0 through 501-7, one for each input port 
107), one or more memory interfaces 502 (502-0 through 
502-7, one associated with each memory bank), a like 
plurality of pointers 504 (504-0 through 504-7 ) , an 
output processor 505 , one or more output port interfaces 

2 5 506 ( 50 6-0 through 506-7 , one for each output port 108 ) , 
a reservation table 508 , an indirect cell processor 510 , 
controller interface 512 and read controller 516. 

Round robin data handler 500 receives cells from 
each input port and transfers them to output processor 

30 505 for output to an appropriate memory bank 105 in 

memory 104 . Round robin data handler 500 services the 
inputs (cells ) received on input port interfaces 501 in a 
round robin, time division multiplexed manner . That is , 
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for a given cell slot, one cell from each input port is 
received at the round robin data handier 500 and 
subsequently transferred to output processor 505 for 
transfer at the next cell slot to a memory bank 105 in 
5 memory 104. At the next time cell slot, data handler 500 
transfers the next cell received from the same input port 
to output processor 505 for transfer to a different 
memory bank* In one embodiment, the next cell received 
is transferred to the next memory bank (next in numerical 

10 order) in the memory array. Alternatively, another time 
dependent permutation may be used to control the transfer 
of successive cells from the same input port. 

Referring to Figure 5b, the timing and ordering of 
transfers from the input to memory is shown. For the 

15 purposes of this example, a sequence of cells is depicted 
on each transmission line. For the purposes of this 
example only each transmission line is considered to be 
very long and contains data associated with two or more 
cells. In operation, the transmission lines are short 

20 and multiple cells are not present on a transmission line 
at a given time. At cell slot T4 a series of cells 450-0 
through 450-7 are transferred down transmission lines 
458, one from each input port 107 to input switch 100. 
At cell slot T3 (one just prior in time to cell slot T4) 

25 a series of cells 452-0 through 452-7 are transferred 

down transmission lines 458, one from each input port 107 
to input switch 100. 

Round robin data handler 500 and output processor 
505 within the input switch 100 transfer cells out to 

30 memory 104 on transmission lines 460. As can be seen at 
cell slot T2, output processor 505 outputs one cell 454-B 0 
to 4 54-B 7 to each memory bank in a single cell slot. The 
"B x " designator indicates the input port from which the 
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particular ceil was received . One cell from each input 
port is written to memory 104 per cell slot. At time 
period Tl (one cell slot prior to cell slot T2), again 
one ceil ( 4 56-B 0 to 4 56-B 7 ) is written to each memory 
5 bank. Round robin data handler 500 time division 

multiplexes the transfers to output processor 505 such 
that consecutive cells from the same input port are 
written to consecutive memory banks 105 in memory 104 . 
Referring again to Figure 5a, pointer 504 

10 indicates the location in an associated memory bank to 
which the next cell will be written. Output processor 
505 writes a cell to a memory location in a particular 
memory bank based on the next available address in the 
bank as is indicated by the associated pointer 504. 

15 Round robin data handler 500 includes a key 

reading engine 514 for determining the key information 
associated with a first cell in a packet and a linking 
engine 515 for linking cells in the same packet. 

The process of reading key information is known in 

20 the art. After the key is determined for a given packet, 
it is stored temporarily in key buffer 516 in input 
switch 100 until the entire packet has been stored in 
memory 104 . The data structure for entries 600 in the 
key buffer 516 is shown in Figure 6. Each entry 600 

2 5 includes a key 602 , full address 604 , offsets 606 and an 
indirect cell indicator 60 8 . 

Linking engine 515 determines the starting address 
(full address ) in memory for the first cell in a given 
packet . The starting address includes the bank number in 

30 memory 1 0 4 ( the bank number which is assigned to store 
the cell by round robin data handier 500 ) and the first 
available address location in the designated bank (as is 
indicated by the associated pointer 504 ) . The starting 
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address (full address 604) is stored in key buffer 516 
along with the associated key 602 for the packet. When 
the next cell associated with the same packet arrives at 
switch 10 0 , an offset 60 6 associated with the offset at 
5 which the cell is to be written ( relative to the full 
address ) is computed and stored in key buffer 516. In 
one embodiment of the present invention, up to four 
offsets 606 are stored. Each offset address is computed 
based on the relative offset in memory between the 

10 location of the last cell in memory and the value of the 
pointer 504 associated with the current memory bank which 
is to be written. 

If more than five data cells are included in a 
packet, then the indirect cell indicator is set, and the 

15 last offset indicates the address in memory where the 
first indirect cell associated with the packet is 
stored. Indirect cells will be described in greater 
detail below in conjunction with Figure 7. After the 
packet has been stored in memory, the associated entry in 

20 key buffer 516 (a route look-up request) is forwarded via 
the controller interface 512 to the controller 106 for 
processing. Alternatively, the key may be transferred 
after the first five cells have been stored in memory . 

The linking or threading of cells for the same 

25 packet is performed by using the offsets described above 
and indirect cells . Offsets are used to link the first 5 
ceils in a packet , while indirect cells are used to link 
the remaining cells in a packet . In one embodiment , if a 
cell contains 5 cells or less , no indirect cells are 

30 required to be used . Indirect cell processor 510 
performs the linking of cells in memory for a given 
packet . Indirect eel 1 processor 510 generates indirect 
cells for storage in memory 104 . Indirect cells contain 
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offset information associated with the relative offset in 
memory space between contiguous cells in the packet. 
Indirect cell processor includes indirect cell memory 520 
for storing indirect cell data during the formation of 
5 indirect cells. 

Referring now to Figure 7 , the data structure for 
an indirect cell 700 includes a linking field 702, a 
plurality of offset fields 704, and a last field 706. 
Linking field 702, when not set, indicates the current 

10 indirect cell is the last cell in the chain of indirect 
cells for a given packet. If set, then more indirect 
cells exist for the given packet. If more indirect cells 
exist, then last field 606 indicates the offset to the 
location in memory of the next indirect cell associated 

15 with the packet. In one embodiment of the present 

invention, each indirect cell contains 56 offset data 
blocks for linking 56 cells in memory. 

As was described above, when a packet is received, 
the linking engine processes the first five cells and 

20 stores linking information in the form of a start address 
and four offsets in key buffer 516. In the event more 
than five cells are contained within a packet, the 
indirect cell processor takes over for the linking engine 
and computes the offsets associated with the locations in 

25 memory where the remaining cells in the packet are 

stored. Round robin processor 500 passes cells to the 
output processor 505 for transfer to an associated memory 
bank in memory 104. Round robin processor 500 enables 
the indirect cell processor when the packet being 

30 processed contains more than 5 cells (based on header 

information included within the first cell) . At the time 
for writing the fifth cell to memory, indirect cell 
processor 510 stores in indirect cell memory 520 the 
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address (the "indirect cell address") associated with the 
location in memory at which the fifth cell would have 
been written if it had been the last cell in the packet. 
The indirect cell address indicates the location in 
5 memory where the indirect cell is to be written when it 
is full (or when the last cell of the packet is 
processed) . 

When a indirect cell is full (having stored 
offsets in all available locations except the last field 

10 706), then the indirect cell processor stores the offset 
associated with the location in memory where the next 
indirect cell is located in the last field 606. 
Thereafter, the full indirect cell is written to its 
appropriate place in memory. The writing of the indirect 

15 cell to memory coincides with the receipt of an indirect 
cell placeholder by the input switch 100 from the 
associated input port 107. This process continues until 
the last cell in a packet is stored in memory. At that 
time, the last indirect cell is written to memory, and 

20 the associated entry 600 from the key buffer 516 is 
transferred to the controller 106 for processing. 

As often will be the case, the last cell of a 
packet will not coincide with the timing required to 
write the completed indirect cell immediately into 

25 memory. This is because packet length is completely 

arbitrary. The end of a packet will likely not coincide 
with the filing of an entire indirect cell. When a 
packet has completed (ail cells have been received by the 
input switch) and the last entry in the indirect cell is 

30 written, the indirect cell is free to be written to 

memory. However, the writing will be delayed until the 
proper time, hence the term delayed indirect cell . A 
delayed indirect: cell is a indirect cell that is the last 
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indirect cell associated with a packet. It is delayed, 
because it is written to memory after the rest of the 
packet has been written to memory. The timing of the 
write to memory is dictated by the address which is 
5 reserved for the indirect cell. As was described above, 
at the time for the creation of an indirect cell, its 
position in memory is reserved . The delayed indirect 
cell will be written to memory at the next time slot 
available for the particular input port to write to the 

10 particular memory bank after the packet has been 

completed. The timing of the write to memory of delayed 
indirect cells coincides with the receipt of a delayed 
indirect placeholder from the appropriate input port 107. 

Read controller 517 controls the transfer of read 

15 request signals flowing from input switch 100 out memory 
interface 502 to the individual memory banks in memory 
104. Read controller 517 receives read requests from each 
output port through output port interfaces 506. The 
format of each request includes source identification 

20 (output port) and a full address in memory which is to be 
read. At each cell slot, each output port may generate a 
read request for processing by switch 100 to read a 
memory location in memory 104 , resulting in the reading 
of a cell (a read reply) from a memory bank 105 (on a 

2 5 subsequent cell slot ) to output switch 102 . 

The data structure of a cell t ransf erred from 
input switch 100 ( via the output processor 50 5 ) to a 
memory bank 105 in memory 104 is shown in Figure 8 . At 
each cell slot , output processor 50 5 generates a cell 800 

30 which includes a read request source f i e 1 d 8 02, read 

address 804 , write address 806 and data field ( cell data 
received from input port 1 0 7 ) 808 . The read request 
source field 802 indicates the output port requesting 



WO 98/27660 



PCT/US97/23285 



- 17 - 

the read (destination output port 108). Output processor 
505 receives read requests from read controller 517 and 
bundles the read request with any write request received 
from round robin data handler 500 destined for the same 
5 memory bank. At each cell slot, output processor 505 
provides a cell 800 which may include a write and read 
request to each memory bank 105 in memory 104. 

Read controller 517 loads a reservation table 508 
as requests to transfer packets are received from the 

10 various output ports 108. The reservation table is 

loaded such that at every cell slot a single read request 
is generated for each bank of memory 105. Referring now 
to Figure 9, reservation table 508 includes a plurality 
of columns 900, one for each memory bank 105 in memory 

15 104, a plurality of rows 902, placeholders 904 and loaded 
entries 906. Each row represents a set of read requests 
(one per memory bank) to be generated on a single cell 
slot. Each row includes a single entry for each output 
port 108. At each cell slot, each output port is capable 

20 of requesting a read from a single memory bank 105 in 
memory 104. Associated with reservation table 508 is a 
read pointer 908. The pointer points to the next row in 
the reservation table to be read. Rows ahead of the read 
pointer correspond to requests that will be queued at a 

25 later cell slot time. In one embodiment, the pointer 
moves at least one row in each cell slot time. 

Loaded entries 906 reflect read requests to be 
performed as a result of reservation requests received 
from output switch 102. Placeholders 904 represent 

30 available read requests which have not as of yet been 
requested. At each cell slot, the read controller 517 
performs three functions: loading entries in the 
reservation table at the first available location in the 



WO 98/27660 



PCT/US97/23285 



- 18 - 

table (after the read pointer) output ting the last row as 
read requests to the output processor 505; and refreshing 
the table, moving out the last row, incrementing the rows 
and creating a new row at the top of the table. The 
5 number of rows in the reservation table must be as large 
as the product of the latency in processing read requests 
times the number of banks. In one embodiment , 4 8 rows 
are included in reservation table 508 reflecting a system 
including six cell slots of latency and eight memory 
10 banks. 

At initialization, reservation table 508 contains 
placeholders 904 in all of the rows 902. Placeholders 
904 are locations in the reservation table which have not 
been loaded. As read requests are processed by the read 
15 processor, certain ones of the placeholders 904 are 
converted to loaded entries 906 based on the read 
requests. Loaded entries 906 include a read request 
address . 

Referring now to Figure 10, the process of loading 
20 the reservation table includes receiving a read request 
(full address) from an output port (1000). The read 
controller decodes the read request to determine the 
column (based on the memory bank to be read from) in the 
reservation table to search ( 1002 ) . The read processor 

2 5 searches, starting at the bottom of the reservation 

table, for the first placeholder associated with the 
output port that generated the read request (1004 ) . The 
read processor transforms the placeholder 904 to a loaded 
entry 906 by writing the full address of the read request 

3 0 at the location ( 1006 ) . The process repeats for each 

read request received by the read controller ( 1008 ) . 

Referring now to Figure 1 1 , memory 10 4 includes a 
plurality of memory banks 10 5 . Each memory bank includes 
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a input port 1102 and output port 1104. At each ceil 
slot, each memory bank receives at most one write and one 
read request via input port 1102. The write requests are 
associated with cells received from input ports 107. 
5 Read requests reflect a request for cell data to be 

transferred from a memory bank 105 to output switch 102. 
The data structure associated with the cells written from 
memory 104 to output switch 102 is shown in Figure 12. 
Each cell 1200 includes an output port identifier 1202 

10 and cell data 1204. 

In one embodiment, the memory is divided into a 
plurality of banks where the number of memory banks is 
equal to the number of input and output ports. A one to 
one relationship exists between input ports, output ports 

15 and memory banks. In this embodiment, the transfer of 
cells from the input switch 100 to memory 104 is 
performed in a time division multiplex fashion. That is, 
consecutive cells from a given input port are directed to 
different memory destination locations. At each time 

20 period (cell slot), the input switch transfers to memory 
a single cell from each input port (as available) into 
memory. At a next time T+l the input switch transfers 
again a single cell from each input port into memory. 
Successive entries from the same input port are written 

25 to different memory banks 105 in memory 104. 

Referring now to Figure 13, controller 106 
includes controller memory 109, route look-up engine 110, 
input switch interface 1300, and output switch interface 
1302. Controller 106 receives a route look-up request 

30 from input switch 100 at the input switch interface 1300. 
In one embodiment of the present invention a plurality of 
route look-up engines 110 are included in controller 106, 
each receiving look-up requests in round-robin fashion so 
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as to speed the routing process. In one embodiment, 
controller memory 109 is a four bank static random access 
memory (SRAM) that requires thirty two route look-up 
engines 110 to service at full bandwidth. The matching 
5 of keys retrieved from a packet in order to determine a 
best match route through the router is described in 
greater detail in co-pending patent application entitled 
"HIGH SPEED VARIABLE LENGTH BEST MATCH LOOK-UP IN A 
SWITCHING DEVICE'% filed on December 16, 1996, by 

10 Fergusen et al., serial number 08/767,576, which is 
hereby expressly incorporated by reference. 

The route look-up engine servicing the route look- 
up request performs a best match look-up and outputs 
notification through output switch interface 1302 to 

15 output switch 102. The notification includes a result 
which indicates the output port to be used in the 
transfer of the packet to its destination. 

Referring now to Figure 14, the data structure 
associated with the notification outputted by the 

20 controller 106 to the output switch 102 is shown. Th 

data structure 1400 for the notification includes a mask 
1402, a next hop index pointer 1404, full address 1406, 
offsets 1408 and packet length 1410. 

The mask field 1402 is used to indicate which 

25 output port connected to output switch 102 is to transfer 
the packet. In one embodiment, the notification may be 
sent to more than one output port resulting in the 
broadcast of the associated packet. 

Associated with each output port 108 is a memory. 

30 The next hop index pointer points to a location in the 
memory. The memory is used to store media header 
information associated with a particular type of packet 
transfer. Next hop addresses and media headers will be 



WO 98/27660 



FCT/US97/23285 



- 21 - 

described in greater detail below in association with 
output port 108. 

The full address 1406 indicates the starting 
address in memory where the first ceil in the packet is 
5 stored. As was described above, offsets 1408 provide 
linking information for retrieving cells or an indirect 
cell associated with the packet . 

Referring now to Figure 15, output switch includes 
a controller interface 1500, one or more memory inputs 

10 1502 (1502-0 through 1502-7, one for each memory bank), 
one or more outputs 1504 (1504-0 through 1504-7, one for 
each output port) , a result processor 1506 and an output 
processor 1508. Output switch 102 performs four 
functions: receive output results, process output 

15 results, receive cells from memory and output cells to 
output ports. 

Cells from memory are received at memory inputs 
1502 and transferred to output processor 1508. Output 
processor 1508 decodes the destination output port from 

20 the cell information received from memory and transfers 
the cell data to the appropriate outputs 1502. At each 
cell slot, output switch 102 receives a cell for 
processing from each bank in memory 104. 

Output switch 102 receives notification from 

2 5 controller 106 on controller interface 1500 . Result 

processor 150 6 decodes the result (route) and determines 
which output port ( s ) 108 is (are) to receive the route 
data . Based on mask 14 02 in the notification, result 
processor 1506 transfers the notification to output 

30 processor 15 08 for transfer to each respective output 
port 108 so indicated . At each cell slot , output 
processor 1508 provides (via outputs 1504 ) a route to 
each output port 108 . 
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The data structure associated with the data 
transferred from output processor 1508 to output ports 
108 is shown in Figure 16. A cell 1600 includes a header 
1602 and data field 1604. The header 1602 includes 
5 memory bank source information 1 606 and route information 
1608 . The memory bank source information includes a 
source identifier for indicating which memory bank 
provided the cell in data field 1604. Route information 
1608 contains data from the notification including a next 

10 hop index, packet length, full address and offsets. 

Referring now to Figure 17, each output port 108 
includes an output switch interface 1700, an input switch 
interface 1702, a buffer 1704, an output request 
processor 1706, an line output interface 1708, storage 

15 device (memory) 1710, output buffer 1712 and output 
formatter 1714. 

Output ports 108 receive notification that a 
packet is to be processed by cells 1600 received at the 
output switch interface 1700. The output request 

20 processor 1706 stores the request in buffer 1704 and 

subsequently generates a read request to input switch 100 
associated with the first address in memory where the 
packet is stored. The output request processor 1706 
generates the first read request based on the full 

2 5 address received from output switch 102 . Thereafter 

subsequent read requests are generated for transmission 
to the input switch based on the offset information 
provided in the request (from cell 1600) or indirect 
ceils (as will be described below) . 

30 If the packet length, as determined from the route 

information provided with the cell 1600, is greater than 
five (5) cells , then the output request processor first 
requests the transfer ( read from memory) of the first 
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indirect cell associated with the packet. This is 
accomplished by computing the address of the indirect 
ceil based on the full address and the offsets provided 
in cell 1600. After the indirect cell request is 
5 generated, the output request processor generates read 
requests for the remaining cells in the packet based on 
the full address and the offsets provided in cell 1600. 
Upon receipt of a indirect cell from the output switch 
102, output request processor continues to generate read 
10 requests for the remaining cells in the packet based on 
the offset information contained within the indirect 
cell. 

Subsequent indirect cells are retrieved in a 
similar fashion. That is, at the time for reading the 

15 next indirect cell, the address of the next indirect cell 
is computed based on the last offset stored in the 
previous indirect cell. The timing of retrieving the 
indirect cells is accomplished such that no delays in the 
output stream are required. Each subsequent indirect 

20 cell is retrieved prior to the end of the processing of 
the prior indirect cell. In this way, once the output 
stream is initialized, no buffering of data is required 
and no interruptions due to the latency associated with 
the retrieval process are experienced. 

25 Output requests to an individual memory bank are 

processed strictly in order. That is, output port may 
track each request issued to a memory bank and is assured 
that the data received in response to a series of 
requests to the same memory bank will be strictly 

30 delivered according to the sequence or pattern which they 
were issued. Output request processor keeps track of 
requests generated for each memory bank. Output buffer 
712 includes a plurality of queues, two for each memory 



WO 98/27660 



PCT/US97/23285 



_ 24 - 

bank (one request queue and one reply queue) , that are 
used to order cells received from memory according to the 
particular stream to which they are assigned. The 
request queue contains a stream number and a read 
5 address . When a request is issued to memory, the entry 
is removed from the request queue and the stream number 
portion is placed in the reply queue . When a reply is 
received, the entry at the head of the reply queue is 
removed and the reply is sent to the stream number 
10 indicated by the stream number retrieved from the reply 
queue . 

As cells are received back at the output port 108 
(responsive to the read requests), they are stored in 
output buffer 1712. For given packet, the output port 

15 stores the number of cells required to provide a streamed 
output. In one embodiment of the present invention, 
twelve cells are stored prior to beginning to output 
(stream data) from the output port. The selection of the 
number of cells for storage in output buffer 1712 is 

20 based on the latency in the read process (number of clock 
cycles between a read request from an output port and the 
arrival of the cell associated with the read request to 
the output port) . 

Output formatter 1714 receives the cells from 

25 output buffer 1712 and couples the data with media header 
information stored in memory 1710 . Each request 
(notification) received from output switch 102 includes a 
next hop index . The next hop index indicates the 
starting address in memory 1710 of the media header 

30 information associated with a given type of transmission 
(derived from the destination of the packet ) . Output 
formatter 1714 couples the cell data returned from memory 
with the appropriate media header to generate a proper 
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packet for transfer out of router 20 on the line output 
interface 1708. 

Referring now to Figure 18, in a method of routing 
packets through a switch a packet is received at an input 
5 port (1800) . The input port divides the packet into 
fixed length ceils and transfers the cells to an input 
switch (1802). Input switch removes the key information 
from the first cell in a packet and stores it temporarily 
in a key buffer (1804) . Thereafter the input switch 

10 routes the cells to memory banks in a time division 

multiplexed manner (1806). The input switch stores the 
first address associated with where the first cell is 
written in memory and computes offsets for each 
additional cell associated with the offset in memory for 

15 the next contiguous memory bank into which the next cell 
is written (1808). The input switch creates indirect 
cells to store linking information for the packet if the 
packet length exceeds five cells (1810) . If the number 
of cells exceeds the number of available offsets in an 

20 indirect cell, then the old indirect cell is stored in 
memory and a new indirect cell is created and loaded 
based on the offsets calculated for each new cell 
received at the input switch . 

When the packet ( and its indirect cells if any) 

2 5 have been stored in memory, then the key, full address of 

the first cell and offset information is transferred as a 
look-up request to a controller (1814) . The controller 
performs a best match look-up and generates a result of 
the look-up . The result which includes the destination 

3 0 port (output port ) , address , offset information and next 

hop index (1816) . A notification including the result is 
transferred to the output switch for transfer to the 
appropriate output port (1818) . 
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Upon receipt of a notification, the output port 
generates read requests a cell at a time to the input 
switch for the data associated with the packet (1820) . 
The input switch issues the read requests in a time 
5 division multiplexed fashion generating a single request 
to each memory bank per cell slot (1822). When the 
memory bank receives the request from the input switch, 
the output port associated with the request and the cell 
data is written to the output switch (1824). Again, at 
10 each cell slot, the output switch transfers a single cell 
to each of the output ports. Upon receipt, the output 
port couples the cell data with media header information 
and streams the data to the destination (1826) . 

15 Alternative Embodiments 

In one embodiment of the present invention, an 
output port, an input port and a memory bank are 
contained in a single device. The architecture of this 
multifunction port including memory is shown in Figure 

20 19. Specifically, the multifunction port 1900 includes a 
memory bank 105, a line input interface 300, a data 
handler 302, a buffer 1704, output request processor 
1706, a line output interface 1708, a storage device 
1710, a FIFO 1712, output formatter 1714, an input switch 

25 interface 1902 and an output switch interface 1904. 

The multifunction port is used in con j unction with 
the input switch, output switch and controller as is 
shown in Figure 20. The various piece components of the 
input port , output port and memory bank perform the 

30 identical functions described above . However, the 

combination of the devices into a single unit simplifies 
the interfaces between the components . Specifically, the 
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revised format for transfers between the multifunction 
port and the input switch is shown in Figure 21. 

A cell 2100 transferred from a multifunction port 
1900 to the input switch contains a ceil header 2102 and 
5 ceil data 2104 . Cell header 2102 includes a type field 
406, stream field 408, and packet header fields 410 
similar in function to those fields described above in 
reference to Figure 4. In addition, cell header 2102 
includes a read request in the form of a output port 

10 identifier 2106 and address 2108. Output port identifier 
2106 identifies the output port which is sourcing the 
read request. Address 2108 indicates the address in 
memory 104 to be read. 

The present invention has been described in terms 

15 of specific embodiments, which are illustrative of the 
invention and not to be construed as limiting. Other 
embodiments are within the scope of the following claims. 



What is claimed is: 
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1. A router for switching a data packet between a 
source and destination in a network comprising: 

an input port including a data handler, the input 
port receiving the data packet from the source, the data 
5 handler dividing the data packet into one or more fixed 
length cells; 

an output port for routing the data packet to the 
destination ; 

a memory divided into a plurality of memory banks; 
10 an input switch for receiving the fixed length 

cells from the input port and routing a single cell in a 
cell slot time span to each memory bank; and 

an output switch for routing cells received from 
the memory to the output port. 

15 2. The router of claim 1 where the input switch 

includes a linking engine for linking cells in the data 
packet to allow retrieval of the data packet from non- 
contiguous locations in the memory. 

3. The router of claim 2 further including an 
20 indirect cell generator for generating one or more 

indirect cells, the linking engine tracking the location 
in the memory where consecutive cells of the data packet 
are stored and providing an address in memory of each 
cell in the data packet for storage in indirect cells. 

25 4. The router of claim, 1 wherein the input switch 

time division multiplexes the writing of data packets to 
the memory such that consecutive cells from the input 
port are written to consecutive banks in the memory. 
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5. The router of claim 1 wherein the input switch 
includes a key reading engine for extracting key 
information from a first cell received at the input 
switch associated with the data packet, the router 

5 further including a controller coupled to the input 

switch and receiving the key information therefrom, the 
controller for decoding destination information from the 
key information received from the input switch and 
outputting a notification defining a routing of the data 

0 packet from the memory to the output port. 

6. The router of claim 5 wherein the output port 
includes a result processor for receiving the 
notification from the controller and initiating a 
transfer of the data packet from the memory to the output 

5 port . 

7. The router of claim 1 wherein the input switch 
includes a reservation table for scheduling transfers 
from the memory to the output switch. 

8. The router of claim 7 further including a 
0 controller coupled to the input switch and the output 

switch for decoding destination information received from 
the input switch and outputting a notification to the 
output switch defining a routing of the data packet from 
the memory to the output port . 

5 

9. The router of claim 8 wherein the output 
switch routes the notification to the output port and 
thereafter the output port issues a request to the input 
switch to transf e r: the data packet f rom memory to the 

0 output port through the output switch . 



WO 98/27660 PCT/US97/23285 



~~ 30 - 

10. The router of claim 9 wherein the request 
from the output port is stored in the reservation table. 

11. The router of claim 10 wherein requests to 
transfer cells from memory to the output switch are time 

5 domain multiplexed so that during one cell slot time span 
at most a single read request is issued to each bank in 
the memory for servicing . 

12. The router of claim 9 wherein the memory 
outputs at most a single cell per bank in one cell slot 

10 time span. 



13. A router for switching a data packet between 
a source and destination in a network comprising; 

an input port for receiving a data packet from the 
source, the input port including a data handler for 
15 dividing the data packet into fixed length cells; 

a memory divided into a plurality of memory banks; 
an input switch including a linking engine, the 
input switch receiving at most a single cell from the 
input port in a cell slot time span and routing at most a 
20 single cell from the input port to the memory in a cell 
slot , the input switch time division multiplexes writing 
of cells to the memory such that consecutive cells from 
the input port are written to consecutive banks in the 
memory, the linking engine for linking cells in the data 
25 packet to allow retrieval of the data packet from non- 
contiguous locations in the memory; 

a controller for decoding destination information 
associated with the data packet , the controller 
outputting a notification defining a routing of the data 
3 0 packet through the router ; 
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an output port including a result processor for 
receiving the notification from the controller and 
initiating a transfer of the data packet from memory to 
the output port; and 
5 an output switch for routing cells received from 

the memory to the output port. 

14. A router for switching a data packet between 
a source and destination in a network comprising: 

a plurality of input ports each including a data 
10 handler, a first input port receiving the data packet 

from the source, the data handler of the first input port 
dividing the data packet into one or more fixed length 
cells ; 

a plurality of output ports at least one of which 
15 is for routing the data packet to the destination; 

a memory divided into a plurality of memory banks; 
an input switch for receiving fixed length cells 
from one or more input ports and routing a single cell in 
a cell slot time span to each memory bank; and 
20 an output switch for routing cells received from 

the memory to an appropriate output port. 

15. The router of claim 14 where the input switch 
includes a linking engine for linking cells in the data 
packet to allow retrieval of the data packet from non- 
25 contiguous locations in the memory. 

16. The router of claim 15 further including a 
indirect cell generator for generating one or more 
indirect cells, the linking engine tracking the location 
in the memory where consecutive cells of the data packet 
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are stored and providing an address in memory of each 
cell in the data packet for storage in indirect cells. 

17. The router of claim 14 wherein the input 
switch time division multiplexes the writing of cells to 

5 the memory such that consecutive cells from any input 
port are written to different banks in the memory. 

18. The router of claim 14 wherein the input 
switch includes a key reading engine for extracting key 
information from a first cell received at the input 

10 switch associated with the data packet, the router 
further including a controller coupled to the input 
switch and receiving the key information therefrom, the 
controller for decoding destination information from the 
key information received from the input switch and 

15 outputting a notification defining a routing of the data 
packet from the memory to an appropriate output port. 

19. The router of claim 18 wherein the output 
port includes a result processor for receiving the 
notification from the controller and initiating a 

20 transfer of the data packet from the memory to the 
appropriate output port. 

20. The router of claim 14 wherein the input 
switch includes a reservation table for scheduling 
transfers from the memory to the output switch. 
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21. The router of claim 20 further including a 
controller coupled to the input switch and the output 
switch for decoding destination information received from 
the input switch and outputting a notification to the 
5 output switch defining a routing of the data packet from 
the memory to the appropriate output port. 



switch routes the notification to the output port and 
10 thereafter the output port issues a request to the input 
switch to transfer the data packet from memory to the 
appropriate output port through the output switch. 

23. The router of claim 22 wherein the request 

from 

15 the output port is stored in the reservation table. 



transfer cells from memory to the output switch are time 
domain multiplexed so that during one cell slot time span 
at most a single read request is issued to each bank in 
20 the memory for servicing. 



22. 



The router of claim 21 wherein the output 



24 . 



The router of claim 23 wherein requests to 



25. The router of claim 22 wherein the memory 
outputs at most a single cell per bank in one cell slot 
time span. 
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n*r<j y 7 -7 f -;u K4 1 0 e> tvfc/*^ y h tmmt b^ j 7- 

13 5 a fc. X^^*f 7ft 0 0 It, 79> KPt>r-^A> 

- 5 0 0 ^ 1 ^5iU:*ftlii±C7A77#- h^>^-7i-^ (501-OM 

5 0 1-7, §-A77#~ h 1 0 1 «) t * 1 ftJiLL<7>/ U 
<>^-7i-7 5 0 2 (502-0 75S 502-7. U M>?lC|iS»l U 
T 1 11) PHi»«<7>^'< >7 5 0 4 (504-0 73^ 504-7) £ . £77 
7°P-fet>-5 0 5 1«XU:-ttlJithC0ai*l#- h-f >*~:7x-^5 0 6 (5 

0 'N 1 OT^&o 

A^^-f 7f 1 0 0i*3CD^7> KPt'^'-^AV K5~ 5 0 0 75tKffi77 7/P 
tt5 0 5(i, I5i£^4 6 0 ttf-UT-teJUMt *) 1 0 0<Mfcj£-f $e -fe^P 
7hT 2C^V^T^-T5Ci:^ , 5Jfi6T-*^J:9C. 7*Q-tz 5 0 5 1 H 
CD*fe;U4 5 4 -Bo7jM4 5 4 — B? -feJl^P y MC*s^T&^ y/*>? 

^fcB77T3o TB.J ISJ&t a * ft * 6 !»£<D -fe *S* *> ft *: Aft h £S5 
fr-to #A77#- h^e><D1 «<D-feib^ir^XP y hi^M^^'J 1 0 4 ^*jA 

sft^o mmmmi i y hT2(D»t?)i oot^p y m tc&^r 

, 1 1i(7)iz;b4 5 6 -Bo75S4 5 6 - B? *J ^ :> ft 3 a 7>0 

> KPfc'>f-^A> Kr>- 5 0 0 «, ISJ— <T)\t)tf- hfrbOmt&LfciDW 
0 4 rtOIIl,t^'J/^>7 1 0 5 "\»&*ft*J: ffi77 7/P-tz 

t 5 0 5 £ Bt^fcj^MMJI T 3 , 

Sil5 a Z^mtZt , 5 0 4 «^<7>iz^^»ii*ft$«5l-r*^ 

^UM>7^<77l£«£^t7Tj7 *7j7*Pii^ 5 0 5 «B83«-r^^-f >^ 5 0 4 
^ -d T0t5 * ft % «fc 7 J< > 7 P^O^<D#ffi oTfSI ^ 7KU7 ^ T4#^(7) 

>?t%fc$><n*) >7i>y>5 1 5cSttti^ s 
4--rtl^tif®$7/Pl2^ii^|S«»ic^^T^SIT'*§, 
h izti b T f CO ^ - * n li ^ , hM-s^^'i 1 0 4f*3C 

4§|ft$ft-5*T's A 73 ^-f 7f 1 0 0f^<D 7? 5 1 6 P*5tC— B#&t?C««rt 
?fti 0 #-/vv77 5 1 6R0I> h'J 6 0 0i:Mi5f "«l@6i:i 
b T A a* SI > h U 6 0 0 Ei * - 6 0 2 t , 7^?KUX6 0 4 t-. * 7 +z •;/ 
h 6 0 6 t, !S5^1i/K > v7-7 6 0 8 tlf uti^o 
M>7X>>>5 1 5 %-Z»>iKtc^ / ry b^)»M<Tjiz J^iZM b X * * M 



^it 2000-51 6 4 2 3 

06-0 TiS 506-7) . SttiJltf- b- 1 0 1 *) t, ^^x-7 

^5 0 8 »A7 = Ptf 5 1 0 C7 WY>^~7x"7^5 1 2 t. SI 
mft««^5 1 6 t tf UTi^, 

79> FQfc'>f-fA> K^- 5 0 0 ti. ^A77#- h * 5 6 iz * SIS ►Jt 
-Dfnt)!7^U 1 0 4^0ll0/ ; E i i/\>7 1 0 5 IZMLXtizilT &fc#)lZ 
St!7Ptf 5 0 5-^lt5 4 > KDt'>f- £/n> K~>— 5 0 0 tt, ~> 
0>KPt->^l!Ml«T'. A 77*— h'f >?-7x-7 5 0 1 

1 0 S^tMQ v h i >■ T ISi*.^ S /c ^ & 77 r P -G 7 5 0 5 Mfc&i* 
ti^o >^<D^-f At^^P7 M:»t'T, K5- 5 0 0 tt v ffi~~(7)A 

77#- hiSSlo^tiHI^^^^ UM'>7CMuTfe^-r§fca5Cfcb 

77 tp t? 7 5 o 5 ^umrZo i mmmzibi^r gKofflt/m^^'j 
A77*~ K^'biits tr;K7>^iM * Hit § fc » tc ^joa#fai^#ii«ifiJ % mm 

|5t)(DTIi*tS tiWP y b T 4 6C45t^T. — j§<7)~b^ 

4 5 0 - 0 752 4 5 0-7^k5^«I4 5 8 0T75^^^tU f^&ATl*- h 1 
0 7#6>A737W 00M9T*§o iz^7P y hT 3 (B#(SJ(C^^Tiz 

JWP7 hT 4 0t< < i<O*»<?)) tC^-t^T. — m<Diz)\yA 5 2 - 075^4 5 2 - 
7 AMeJ&»4 5 8T^<kjM^ fts l^#A77^- h 1 0 7 # b A77 ^ < -y x 1 0 

>H'7- 5 0 0 Li:oTtJHi»!t§f:fti:lSTo^Tt^/<>7#f) 75 
t/^^ $ ft /c M' > 7 C0#^C0^ pjgg 4~ 7FU (MSf * > ^ 5 0 

4tC«fcoT**5 3ft*,fc'3G:) t*l/Tt>4, itftTKU^ (7^7Kl/7 6 0 
4) (H^^7 h«jt5PIIt5^- 6 0 2 i:*i:^-/^7 7?5 1 6 F*9C 

4§m^ft^>o p-(7)/n*7 -y hi:S8*-r$^o-fe^*f s *^'f 7? 1 o o izmmrzt 

t 7 h 6 0 6 #It#£ftJ.-o*-/N-><77 7 5 1 6rtC^«$ti^o 1 H 

Jtfi!ltC45t^Ttt. il7rT4«C0^7-fe >' h 6 0 6 ft 3 0 §t7t7h? 

KU7ii, ^ ^ yrt<o*#feOHz^ttii4:»a*n*^*«<Eff)> t 

ItJf^ft^o 

tz>K >-7"7--^^iz h$ft. Ioif|(Dt7t7 h«-t0/t7-y K^naST 

7 tcH5«UTii/T^Mtctt»cK^ir /^7- / h*>7f'j^i:^^ti^|i: 
, *-A'y77 5 1 6 rt^ilT ^ X > h U (JU- h ^ >y 7 T 7 y Tll^) 

7i-75 I 2 €frtT&ilT«/c»C»«Sl 0 6^t£x££ft* 0 -77. 

p-tD7f77 h izmt z> a ju0 v >?mf8.5ii*x is -j bmmz, ±mvrc^y 

iz y h 71 l/PS!S -b f ^ U T It t> ft -5 a *7t 7hii, / f 7" y h <7>mW<7) 5 

«0iz ;u ^ «; >7t5 tc &) izmm $ ft , -znmz-t rnt / y bn<rm u <d -fe ^ 

t M>^T^.t«>tcfM^ft^o 1 «(7)i2^^5«mT^ 

izJizn-gbT'^zm^iz u... mm^^%mmr % z tt?>amt $ ft a c t«<c 

t\, ^ft-biuyptz^ 5 1 0 li^.i^ftfc/^T- y hi:^l-t^ ^rt<D-b^KDU 
>7ffM«?T^o fSj^-trit-T/Piz^ 5 1 0 it ^ i' 'i 1 0 4 ^C^f 5 fc «>C(§! 

ffi«St)4^7ir y K tl?iaT§^7ir :/ hii^tU^5 0 fSlig-te^yPiz 



U 5 2 0 IfUTi^o 

-r -JU K7 0 6 t *tlti^ 6 'j>yM7<-^K/D2a, izyhgftT 
i 4 t c ii . mMTmm ir ^ X b n / **r v V (C&T £ ffiii iz >wm& 
mztsiiZ&tkO-bJbT&ZZtZWkt}?* iz y h £ ftT^-Sif^C^, 
ft £ / y h IZ %i U T m * * («m -fe ^flFfiE L-tl^o W 4 § m& ir U 

JUCy) > * y F*qc 7 )liMC |fT5t7t y h%mtito *^C0 I IlfjCfc^tlf 
. SfSimt'^a * ^ y F*3<D 5 6 «<?>iz ;u |U>^?t5/;fe05 6 « <Z> * "7 -y 

±it U fcJ:ot;, / * >r - y k ^ti5t, y > 1 X > v > if mm 5 «ff> tz 

i^'lIlWfe? KUX<O^0C&it£ y >-7flW83au r 4«0^7+r y h € 

S£<* nri-5^i; mmiui>~7ai>vis y >-n>y>i; t o rttfru JL 

ty h^StJtf^o 7«7> KDt:>7Ptt5 0 Oii^^U 1 0 4rtCDW*r^ 
^ ^ U/\>^^(ft^TS^<5t)CCtz^$iii7iyP-t2-9- 5 0 5 MUt§ 0 ^ «7 > K 
□ e>7Ptf 5 0 0 «M^<7)/ ^ y h at? 5 H £S 

-5^tj , mm* ;u :t*p -t s ^ * - ?jw *> mn^mum tznz* 5#§<o 

-tz/b£^ ^ U^»xAtT8#C s ram-b^yp-blf 5 1 0ii*ft#V*^- hf*3£>*^ 
T %T KU7 ( rram-b^T' K1/7J ) ^|§||$tiM t 'J 5 2 Orti^TSo 

»<d -b ;u s^iii * n tc ) ram-fe ;u#'»& fn^t^^u f^0^s itmt> 
mmmmms 1 7ii^u-r>*-7i-^so 2^tbrA73^-f y^i o o 
mmfflmms 1 7 ismyj^- h^>^-7i-^ 5 0 6 i^ir^* 

- h#e><7)fi£IRil#£SaR$ e §p^co^^-^-y Mi, v-* I d 
h) StfIlbti5^#^ l Jrt(?)7^7Kl/7^f Lr^§ e §t^7P7 h 
ICfc^T. M**^y 1 0 4rt<7)^^ ytfcM£KSK3£«>U:7t-f y * 

1 0 0 ic ^ o r«yi r zfcfr <n$mm$i * ^ ^ ^ tf^m? & u , ^eco^m 

^U/<>71 0 5 (i«Dt^P-yhl) * 6= ttJTJ^i' -y ^ 1 0 2 ^0-tz^0 
TO (JBHRJ^SF) ^iT^ti^o 

A77^< > 1 0 0**6 (fcB77^P1z^ 5 0 5 ^lt) ^iU 1 0 4 R<7) 

D-yhi:^T, dB^^Piitf-S 0 Sttiz^S 0 0 £#g£U ^tiiiifffiP^V 
-77< K8 0 2 t, ^IXT KU7 8 0 4 t. KU7 8 0 6 t, 

^7-f-^K (A77*- K 1 0 1 frh^mbntzizyuzr-Z) 8 0 8 iJWlt 

m 

a>mfi#- h 1 0 8) ^S5*?To ffiTJ^D-tz-H- 5 0 5 Ui*5£$WSS 5 1 7^6 

^^o> KPt>f-^/\> K5- 5 o o ^ 6 ®m e> n rzmm &<?>9^m* t / ^ 
ooitii, ina^ 1 ;! o 4f*3<o#^^y/\'>^ i o 5 c^tstaK/ 

KIS»»5 1 7 im^trjmTjtf- h 1 0 8^b/^y h t IKisT ft &) <7)W 
Mfr^m. b ti ^ <t ^rjT^ - 7 7'i/ 5 0 8 ^0- Kt S, ; ^t^-r-^^U^ ft0t 

CDIt9 0 2 t , 7°U~7*i^~ 9 0 4 t, P - K $ ft fc X > h ( i 9 0 6 t t * 
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r* 

ii*07i ~^K6o 6 m^ttm ? n § ^ *j t mm l x ?^ , 
c*a$ti*o fi»giziK?>>^ mzMt^wmt, mmt%x?j^~~ h i 07* 

6WA77^-f -y * I 0 0 LC^^VUf t^7U-^*J^'»«ij t-BT5 0 

t> ti * o Hm^ra^irJi-^' ^'J * ti. lo^-/\' 7 7?5 1 

6 ^t>C>PJilT^x> hU6 

0 0 ^Blf & fc * CHiif 1 0 6 -^feis $ ti £ o 

4 bti'. m*7" ;/ vm^± l ^Mm U h<DT £>%fri>c&Z „ y h<7)##ii 
«^!ltJ^7r-f y>^'i:-fJif £«M14«*t^ /ft ^ h^7L ( 

> hwrniAtftzm-giz ramiz^u^^ yc#a* ti^(?)icg^T-*oo 
ti$pifWT^§o lasiiitiKi, /^ y htmmtzm'imm&iz^v&zm 
ain^tttc^^ yt=»ia*<i**»&r*So ^^y^^T£»jico^<^>^ 

oC, W»-b^(0flsiRB»tCj<^ Mrt^ttB^Wdti^o ^<7)A->T7h^7$ 
ft fc«C«53tfl) * * y A > ? tc*f U T»iA fcib c * 0WJfe(D A77 # - K CM L 

iZMt S»iA(7j 4r -f S > ^Ut . JMW A7J 

hi 0 7 *»60aSE»W*^U-^*^^-«>»»*J t~-%LT%, 

y/<>^MSfc*j 1 is) zmt>Te &mz&mti#~ h 1 0 8c^t5*-(?)i> 

7<p- HC^t^T, §bH77^~ Mi^U 1 0 4 Oj« * l )/*><7 1 

0 5^6<D^B€P^r£Ct^'15T^T^£o KUl^-f >^ 9 0 8 tt^m^-~7 
Jl/5 0 8 tWiLTi^,, t£#< >^(i. liIRbft-g>^*^^^-7JH^<7y^(7) 
trC^UT^o hl-^o >£0Mom«OiEJU7<P-y Ate 

P~ K**lT^**X> h y 9 0 6 1 0 2 *&SR&tlfcfl!)i 

*<nmmt i,rmM*ftz>^<$mmm*%fcWTZo 7u-7*j^-9 o 4 u 
t , mmmmms 1 ?a3 o<?o^Mg, m-z^-y^ (Dmwomm^m * m» ( 

Wm#4 >$<?y<£) i:*i^Ti> h'iffftf-^iK^CP-fV >7T5:i 
. ftfi^fr^fcfcSTT^P-fe-tf 5 0 5 C^j-T^^IS^t L THiTJT £ 3 i: . Xt/K 

e.7)-t*— 77k7> h -j y'izw.tc 4- ^ iMT^ct, %nft?%o "fm-r-y^n 

*2$<nti(7>T&ltti tfti 6 4: t > 0 1 HBtf | C t T « , T" - 7"^ 5 G 8 J*3 
C4 8 M<T)fr ifW, If b ft T B . inW6i0t^7a,.- hO#BS#rat 8*0 

tM4bC fji^Tfftf- 7>'/-> 5 0 8 i^T 9 0 2^)itiai^T7 s b-Xti^- 
- 9 0 4 ^tl/Tl^o 7U-7*i^- 9 0 4 fctP- KS ftTi^&t^tfjx 
-^(0ftlT*5 o lit* ttl 7'D t f t: J: o T IIS $ ft^>. 7V- 
7<^^^ ~9 0 4 0 i> § I) ® ^'KlSf 1 1 -7 1 T D - KS*lfeX> hy 9 0 6 

^^*ft^o p- k £ ft x > h y 9 o 6 amm.m^T ku7^lti^ ! . 

01 0^#fi8f-5t, ^ft^-T^i^P-T^ >^T£7*Pir^U:, bB 



~f - {- - pvf 1 i - - i .1 * s-4- : ' £--io o o 

) o ttffi*«ii^ A If3- Kits U— ^T^^Wt— A^f*| 

(05U <*ft#£l!*»ie>*i*'<* « U/^^iCl^^t) (10 0 

ta^?K- McKarama^u-x*^-* t-*t5 (i oo4) 6 n 
ap -tr a u , * coiam icmmm^m yjw ku^i tac aaorru-^ 

9 0 4 * P- K b A X > h ! ; 9 0 6 ^fitS ( 1 0 0 6 ) 0 C07'Pt 
0 0 8) o 

y£'^, m 1 1 €#fiSf £ ^iUI 0 4 &1*&«<D>< ^'J/^v 1 0 51% 
UTt^o §^'J/\>^{iAA*~ M 1 0 2 tmtl*- h 1 1 0 4 fc£Wb 
Ti^ c ^-fe^Py MCm i -T, §^iU/\>^i^ M 1 0 2 ^fr 

IT, 1 tM AA*~ h 1 

o 7#*i»»sivfc-te^t«iaLTo*o mrnmmt, ^y/^i o s** 

ttitlZl J s h \ 0 2 ^*r,m£ tiS^#-b^T f ~^CtiTS*^*S«ttt'5o * "E 
"J 1 0 4#6&77A<-y*1 0 2 ft * JUCBMT * x - ?«tift * SI 1 

2 C^U*^ ft-b;H 2 0 0W\ fcB77#~ K6fc#HM 2 0 2 fc-fe^?*-* 1 
2 0 4 t Ultimo 

^ iJ/\>7CDtfiA**- htffi77#~ KtCD&tCSPb^o A**- hfc* ^77 
#-h£ s y^>J/s>A<b<7)f5nc{<t 1 &1 (DWMlTi^o C<7)£Jfc#Jic 
*j^T«U A77 7W y 1 OOA^^tUI 0 4 -^CD-biUCT)*K^«. mftWI&W. 

, HB#|S1»Sffl (ytz^Py H tCfc^T. A^^< y^(is §A77*'- ^-30 

0 0 Ub ^ 7* 7 1 4 0 2 £ „ >ACD *7^>T7^^ (next hop in 
d e x> > 

£ 1 4 0 4 L 7^7FV^ 1 4 0 6 t7t7 M 4 0 8 

4 0 1 £ HlTi^o 

4 0 2 tJ, tfciTjA-f -y^i o 2 ^mmz nz £<D&tl 

|g»T5/^7 h07P~ K#*A hg)*ffl#*fI^?T*>ft*o 

* ^E U#&£77^~ h 1 OStKIl/n^o » y7"-f>77^^> 

7^7 KU^StT^ f<7A7 £'~UtfcB.77#™- h 1 0 SCSjalUTOTiCMC^ 

7^7KU7 1 4 0 6 U, i(D/^7 h P*3COJ!t/J<7> iz ^ £ ft Ti^/^E 

'irtai^TKUXfS^t, flKcKSIbfcJ: t7t7 M 4 0 8tttE^ 

Xtt -y h b T^-SMiTfe^ t4t#f * fc«>(7> *J > ^A £ 

;^c, E3 1 5l#it^t, fcHTJ^-f -y^Ub a«i-f>^7i-7,l 5 0 
1 fXli^nJy±0>* UA73 1 5 0 2 ( 1 5 0 2 - 0J3H 5 0 2 -7 

* tltZl±0>thl3 1 504 ( 1 504-0 Jil 1 5 0 4 -7, MC& b 

T 1 «) ttH^P-fe^ 1 5 0 6 iiS77APizA 1 5 0 8 t^flTi^ 0 & 

^^'M^Ot^tt^^MA^ 1 5 0 acisiHSISbliioiiiTi^P-bf 1 

5 0 8<-v^is£ftS, adTOTPt^ 1 5 0 8 «:> * 'J * f^t^A 1 



2 0 0 0-51 6423 

— CD A 77^- h t> C0M*f1- ^> X > h U U > ^ «; 1 0 4 5 / ^ u /< > ^ 

1 0 5 ^»a*ti^o 

^C. 01 3 «#1T5C, MWm 1 0 6 (±. mm®***) 109t. ^-h 
;i , 7777 5 I>y> 1 1 Ot, ATj 7a -f ; yf<>^-7i-X 1 3 0 0 & 
777<< ;/fO?"7i-7 1 3 0 2 iSWlti/lv.. #i«Hl 0 6«, A 71^ 
< 7 H>^-7i-X 1 3 0 OavTAS^-f'^ 1 0 0 i?K>i\<~ V^-j^j 
T y '?m~% * §1 & o 1 USt^liT- a^Til, «»«CD ^ - hJl-7 77 v 

7l>y> 1 1 0*^l«1 0 6f*3lCt$ltS>tlT*5*K %<r>&*&J\'-*-><fffl 

%mmn a y p -tz ^ t igsiib ?tsfc»i:7'7>KPt >s« ? ^ y t y y» 

T--^- t: Ai^^iT?- 3 2«0^- h^ y ^~ 7 7*X>v> t 1 0 

|tT44/i'>77^f< •:/ ^5>^ , "A7 ? 71z^ 

(SRAM) T*S,- ^-!>«ttLT<?)AA h^vW- h Srj^SfeT 
h^6^*tXfc*-<DV-y^>^^, 1 9 9 6*1 2^ 1 6 Bft 
iirmmVfcmmm^ F ergusen et a I . <D [X<yf>7~ili: 
attSII^M^h7yf^7 77y7 f (HIGH SPEED VARi 
ABLE LENGTH BEST MATCH LOOK-UP IN A 
SWITCHING DEVICE]) t ^^^^M^^^fFttiSI. tti 
P#^0 8/7 6 7.5 7 6*CJ:*m»C|3«E$tlT^U. ^ *l*5lfflC 

Jb- h^U-y 7777|*ttlt5il'- KJU-y 7 7*I>y>IJ, ^ 
■y^HI*«A<Ott««)^v^T'yytllff Ufiotti^^-f y ^ 1 0 2C^ttffi 
S7<7H>^-7i-^ 1 3 0 2 ^^LT*a^Hd7TT^o ^(T/Mmtt, r< 

(HI 4 ^#BST5>i:. ^J»^ 1 0 6 4wJ:oTtti^3^-f -y^l 0 2-^*77? 

1 5 0 2 -v<teiM1-§o §WD7 h(C*>v^T. Bd77^< - ^ 1 0 2li^ : EU1 

y^l 0 2««69«l*'r >?-7i-7 1 500 ?r^LTili«1 0 6 
#e><7>&*a£©&5 0 ^m7/Piz^ 1 5 0 6 ti^CO^* f^- h) t?'=l- KL 

h 1 0 8 jMCDJU- hf-^ tsre^^s^t^JEr^o -?<7>ii$a 

^777 1 4 0 2(C^^t^T. ^m^P-tz^- 1 5 0 6 U: * <7>a» * ^ <7) <=fc 9 
UT7F.^ti/c§^y?(7)Hd77*- K 1 0 8 * £#>Ci±i71#- h 1 5 0 8^ 

«SMT-Sc &-fe^*Q-y hl^l^T, tB777/Piz^ 1 5 0 Bit (!±S73 1 5 0 4 $: 
tU) ^- h ^#&77^- h 1 0 8 

Hd/TT/Piz^t 1 5 0 8 #6&77#~ h 1 0 8 $ n tz?- % izMMt % r 

~$mm.zm 1 6ciit*^ iz^ 1 soo^y^-i 6 o 2 t^-^^-f 

-JU K 1 6 0 4 tlf Ui^o /\-y^f- 1 6 0 2 t* ^ U > A V - X4f$B 1 

6 0 6 Kff«1 6 0 8 tlfU'y5o ^'JA>7y-7«ili, df(Ti 
y ^ i)j<>7lfr-$7* -Vv K 1 6 0 4 f*gC * <Diz^ * b **t>r V 
~7^IR^i?-€*bTi^o ^- htf# 1 BOSS, ft<n**j-f< >f y7^t, 

y h#t . 7 JUT KUXt. ^7-fe-y ht SStt^KI^&^f-^t 

>AC 1211 ?l#BT^t, §mt}#-h1 0 8Ub &75^-f v^-i >$~y 
x~7^1 7 0 0 t. A*^< yf-fy^-71-^ 1 7 0 2fc, /^;77 1 7 0 

4 1 , mTjmsy"^^^ ^ 7 g et, 70^0^-71-7 1 7 0 8 

tmmW WlOt, £77/0 Ar1 7 1 2 fit^T-^y A™ 

t7Ht ttLTl^o 

&77#- h 1 0 8 h^'ffi77A-f 7f-(>7-7i-7 1 7 0 0C*sf' 

TS®5> tlfc iz;H 6 0 0 C J: - TM *fl^^?T'*^At (Diaifl^o 
ffiTTP^APIz-tr 1 7 0 6 {HO#^^/^y 

7 7- 1 7 0 4 ^icmttbS.o. -fco^tc. IV)/*? y h^iW^tiTt^^ iU 



nmmmT k u x £ mm? % atj * < j ^- i ooai rtraw* t h^t * 

*^i^tl?JtWf*SII*T§o SH8cDtt®Wfc«:* ("fe 

;M6 0 0A>b) 3lti!8H£b^ (WTcBiBBr*J:d(c) icfc^T**. £ ftfc T 
7-fe7 hf»$BC^uTA77X'f y5^x$j^TSfctoC#|^£ft£, 

b JH 6 0 0 c mzi& 5 b ft fc ^~ h +HI8 A* & J*^! $ ft £ J: 7 C , > "7" 7 V J| 

; T K U X $ if If T * £ £ C J: o X ff *> tl £ * ffl ^ ir ; U ffc£ #'3£ S£ $ ft £ » C 
, ffiBP^a-btHi-izJi- 1 6 0 0p*5i-:^i6tlfct7t-y ht7^7KU^i: 
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